INTRODUCTION
High quality samples are required to interpret in situ soil properties, such as permeability, compressibility, and shear strength characteristics, in order to provide designs that are not overly conservative and decrease the cost of construction. The geotechnical properties of soils are estimated either in situ or in laboratory tests. One of the most important restrictions of laboratory test results is sample disturbance. Over the last few decades, a considerable eŠort has been made to improve sampling techniques, including the design of the sampling tubes so as to obtain more accurate soil parameters; for example, compressibility and shear strength particularly in poor quality samples (Shogaki and Kaneko, 1994; Shogaki, 1996; Mitachi et al., 2001) .
Sampling techniques and equipments, including sampling tubes, vary worldwide depending on the geological settings, diŠerence in skills, and the aŠordability of soil investigations. Having realized the eŠects of the design of the sampling tube on the sample quality, the Norwegian Geotechnical Institute (NGI) and the Swedish Geotechnical Institute (SGI) have modiˆed the geometrical features of their original samplers several times (for examples, see Andresen and Kolstad, 1979; Kallstenius, 1958) . Lefebvre and Poulin (1979) designed a new sampling method called the Sherbrooke sampler. At the same time, La Rochelle et al. (1981) developed a new large diameter sampler called the Laval sampler. They concluded that both the Sherbrooke and Laval sampler yield better sample quality than conventional tube samplers. Hight et al. (1992) also studied the disturbance of the Bothkennar clay and conˆrmed that these samplers provide better sample quality than a tube sampler. On the other hand, Tanaka (2000) reported that sample quality obtained by one of the Japanese tube samplers, the Japan standard (JPN) sampler, is equivalent to that obtained by the Laval sampler for not only the Japanese clays but also for Bothkennar clay. Hisˆndings indicated that the large diameter of the sampler is not always necessary to retrieve a high quality soil sample. However, the performance of other tube samplers, not including the JPN sampler, was not as good as the Sherbrooke and the Laval samplers. Indeed, it is inferred that like the NGI and SGI, a com-parison study must be carried out in each country or region to establish their own standard sampler (for example, Matsumoto et al., 1968 and 1969) . Those comparisons, however, included too many geometrical design factors and mechanisms, such as diŠerent methods of drilling and the types of sampling involved, to specify which geometrical designs of sampling tube must be improved and which should be discarded. In addition, their results are rather inconsistent, partly due to the diŠerence in soil properties with depth inˆeld conditions and partly due to the considerable diŠerence in sample quality according to the location of samples within a sampler (Tanaka, 2000; Nishida et al., 2006) .
Traditionally, sample quality has been assessed by the following values and features: i) shear strength, strain at failure, and Young's modulus from unconˆned compression or triaxial tests; ii) the shape of the e-log p? curve, where e is the void ratio and p? is the eŠective consolidation pressure, preconsolidation pressure, or compression index from oedometer test; iii) volumetric strain caused by recompression to the in situ eŠective stress (Andresen and Kolstad, 1979) , or the ratio De/e0, where De is the change in void ratio during the recompression process to the in situ eŠective stresses and e0 is the initial void ratio, which was proposed by Lunne et al. (1997) . However, rather than express an absolute value, these values are strongly dependent on the properties of the local area (for example, see Tanaka, 2000) . If sample quality is examined for every sample along the sampler, these evaluation methods are both time consuming and costly. The methods described above are destructive methods used to determine sample quality, thus further laboratory testing to determine soil properties cannot be carried out after revealing high or low sample quality.
Therefore, it is imperative that more systematic and e‹cient methods be employed to identify the main factors of geometry design and the mechanisms of the sampling tube in‰uencing the sample quality of soft clayey soils. Edge angle and area ratio are believed to be the most important factors that aŠect sample quality. In this study, one geometrical parameter was varied while the other dimensions and mechanisms of sampling procedures remained unchanged. For this purpose, commercial Kasaoka clay powder was used as the model ground to simulate laboratory sampling. Speciˆcally designed samplers were used in the laboratory model sampling to identify the geometry features that strongly in‰uence sample quality. Furthermore, the Takuhoku site was chosen as a test site due to the near-uniform ground conditions with depth; the same driller and sampling methods were used at this site. As a result any additional uncertainties on the sample quality, such as ground heterogeneity, diŠerent drillers, and diŠerent sampling methods, as reported by several researchers (Tanaka et al., 1999 and Tsuchida, 2000) can be neglected in this study.
Two nondestructive methods were used to evaluate sample quality, the measurements of suction (sometimes called the residual eŠective stress) using a ceramic disc and maximum shear modulus by a bender element (BE) test. After sample extrusion, the sample was placed on a ceramic disc with a high air entry value. Following suction measurement, the sample was embedded with BE plates at the bottom and the top, and the shear wave travel time (Dt ) was measured, from which the shear wave velocity (Vs) and maximum shear modulus (GBE) were calculated. Tests were performed on every sample in the sampling tube, including the upper and lower parts, which are generally not used for mechanical testing since they are considered to be disturbed.
LABORATORY TESTING METHODS

Suction Measurement
When a soil sample is extracted from the ground to the atmosphere, some amount of the eŠective stress remains in the soil sample in the form of negative or suction pressure. Ideally, the value of the residual eŠective stress or suction ( pr ?) should be equal to the mean in situ eŠective conˆning pressure ( p? m ＝(s? vo ＋2s? ho )/3), where s? vo and s? ho are the in situ vertical and horizontal eŠective stresses, respectively. However, pr ? is generally somewhat smaller than the in situ p? m due to sample disturbance caused by the process of sampling, transportation, storage, extrusion from the sampler, and preparation of the specimen for laboratory testing. Thus, the residual eŠective stress can be a soil parameter for the evaluation of sample quality to compare with the in situ p? m . However, measurement or estimation of s? ho is rather di‹cult. Therefore, in this paper, s? vo will be normalized, as will be explained in detail. The residual eŠective stress, or loss of in situ eŠec-tive stress, has been used to evaluate sample quality by various researchers (Ladd and Lambe, 1963; Okumura, 1971) . These researchers used the conˆning pressure in a triaxial cell to measure the residual eŠective stress, but the test was so technically di‹cult that the measured values were not accurate. There are also other methods, for example, usingˆlter paper (Chandler et al., 1992; Ridley et al., 2003) or a ceramic disc. Theˆlter paper method is time consuming (7¿11 days), and has an error of at least ±25z (Chandler et al., 1992) . On the other hand, the measurement of suction by a ceramic disc with high air entry value is less time consuming and more accurate than the other two methods above and has been used to assess sample disturbance by several researchers Mitachi et al., 2001; Nishida et al., 2006) . In this study, the ceramic disc was used for measuring suction.
The apparatus used for measuring suction is illustrated in Fig. 1 . The air entry value of the ceramic disc was 240 kPa. Before testing of pr ?, the ceramic disc and the connection between the ceramic disc and transducer were completely de-aired and saturated. After placing the specimen on the ceramic disc, the negative pore water pressure gradually decreased and became constant. The constant absolute value of this negative pressure measured by a pressure transducer was deˆned as the suction value or residual eŠective stress ( pr ?). The time duration for a constant value of pr ? in this study was approximately 20 minutes. However, all specimens were placed on the ceramic disc for about one hour. During the suction measurement, a specimen was wrapped by plasticˆlm and covered by an acryl box to avoid loss of water content. The measurement was done under atmospheric conditions and cavity pressure (larger than 100 kPa) was not generated since the suction value was less than 100 kPa for all samples in this study.
Bender Element Test
Many researchers have tried to evaluate sample quality by the small strain stiŠness (Tan et al., 2002; Nishida et al., 2006) . Many empirical relations used to determine shear modulus are expressed in terms of soil structure, function of void ratio, and present and maximum eŠec-tive stresses (Jamiolkowski et al., 1994; Shibuya and Tanaka, 1996) 
where A is a constant presenting soil structure, f(e) is a function of void ratio, s? is the current eŠective stress, s? max is the maximum eŠective stress experienced in the past, (s?)r is an arbitrary reference stress, and n and m are experimental exponents. Because G was measured under unconˆned conditions in this study, s? is equal to the residual eŠective stress in the specimen, i.e., pr ?. As previously mentioned, the pr ? value is smaller than the in situ eŠective stress due to sample disturbance, thus the measured G should be smaller than G measured by the seismic cone in situ stress conditions. In addition, the term A, which represents soil structure, should be in‰uenced by sampling eŠects. Thus, it is inferred that the sample quality can be assessed by a comparison of G under unconned conditions and before sampling, i.e., in situ stress conditions. It should be noted that, since the void ratio does not change with sampling, f(e) has no in‰uence on G before or after sampling.
Among devices measuring G, the bender element (BE) test is a simple and very fast method. Fig. 2 . A pulse with various types of wave forms, such as sine and square over a wide range of frequency, was input by a function generator through a transmitter BE at the top of the sample. The wave propagated through the sample and was detected by the BE receiver plate at the bottom. The shear wave travel time (Dt ) was deˆned as``start-to-start'' between two instants of the generated wave and theˆrst de‰ection of the received wave (Kawaguchi et al., 2001 ). The travel distance (L) was deˆned as``tip-to-tip'' distance between the transmitter and the receiver of BE plates (Viggiani and Atkinson, 1995) . Thus, the shear wave velocity can be calculated from Eq. (2);
From the theory of shear wave propagation in an elastic body, the shear modulus from the BE test (GBE) can be calculated from Eq. (3);
where rt is the bulk density of soil.
RECONSTITUTED MODEL GROUND
Preparation of Model Ground
A cylindrical consolidation cell, 600 mm in height and 250 mm in diameter, was used to create the model ground. Kasaoka clay powder with a speciˆc gravity of 2.67 g/cm 3 , liquid limit (wL) of 62z, and plastic limit (wP) of 36z was used. The clay powder was mixed with distilled water using a mixer at water content two times larger than wL. Vacuum pressure was applied to the cell, following which it was vibrated to eliminate air bubbles from the slurry. A consolidation pressure of 100 kPa was used in this investigation. About one month was required for the model ground to be fully consolidated. The height of the model ground after full consolidation was about 30 cm at a consolidation pressure of 100 kPa.
Samplers and Sampling for Model Ground
Main features of samplers used in the model ground are listed in Table 1 . The name of the sampler, for example, 69 M1.5 indicates that 69is the edge angle, the letter of``M'' means Model (for theˆeld sampling, the letter of`F '' was used, as shown in Table 2 ) and the last number`1 .5'' is thickness of the sampler wall. All of the samplers are 500 mm long and are made from stainless steel. The area ratio in the table is deˆned by Hvorslev (1949) following Eq. (4);
where Do and Di are the outside and the inside diameter, respectively. Equation (4) indicates that the area ratio is the ratio of the volume of the displaced soil to the volume of the sample. The area ratio of 69 M1.5, for example, is about two times larger than that of the Japanese standard sampler ( see Table 2 , where the Japanese (JPN) sampler is shown as 69 F1. After completing consolidation of the model ground, the piston of the cell was disassembled and sampling was conducted. Sampling was carried out from the ground surface without a borehole. The position of the piston wasˆxed at the ground surface and the sampler was smoothly derived by an air cylinder in the same way as the hydraulic Osterberg sampler until reaching the bottom of the consolidation cell, where a porous metal plate was placed for drainage during consolidation of the ground. Therefore, when the sampler was withdrawn, no vacuum was generated at the bottom of the sampler. It should be kept in mind that this point is diŠerent from theˆeld sampling, and its eŠect will be discussed in more detail in the Takuhoku sampling section.
Immediately following sampling, a soil sample was extruded from the sampler with the opposite direction of the sampling, i.e., the sample was extruded from the cutting edge of the sampling tube. This extrusion method is widely exercised in practice in Japan. Soil samples were cut into 50 mm pieces by a wire saw. They were wrapped by thin plasticˆlm and coated by para‹n wax. The extruded samples were then stored in the humid and temperature controlled room until tested.
Test Results of the Model Ground
EŠects of sampler geometry were evaluated by comparing the normalized ratios of pr ?/s? vo and GBE/Gf, where s? vo is the consolidation pressure of the model ground and Gf is the maximum shear modulus obtained from BE triaxial test for the reconsolidated Kasaoka clay sample. The tested specimen was consolidated under Ko conditions and the vertical consolidated pressure was the same as that of the model ground.
(
1) Location of Sample Quality in Sampler
Figures 3 through 7 show the test results of the model ground sampling from diŠerent sampler geometry aspects. Preliminary testing showed that the water content was somewhat diŠerent in each model ground, although the consolidation pressure was constant. Such a variety may be caused by friction between the piston and the inside wall of the cell, as well as secondary consolidation eŠect, even though the time for consolidation was strictly controlled. Therefore, test results presented in theseˆgures were obtained from the same model ground.
The vertical axis in theˆgures indicates the distance of the sample location for measured pr ? and GBE from the bottom edge of the sampling tube. It can be seen in thesê gures that pr ?/s? vo and GBE/Gf are uniformly distributed along the sampling tube and the diŠerence caused by the location is not very signiˆcant, compared with those samples obtained from theˆeld, for example, Tanaka and Tanaka in the present study. This diŠerence may be explained by the sampling method adopted in the model ground. First, as the sampling was directly carried out from the ground surface without a borehole, the upper part of samples was not disturbed as is usually the case inˆeld samples due to the drilling procedure. Second, as the sampler was penetrated until the bottom of the consolidation cell where the porous metal plate was placed, no vacuum was generated at the bottom of the sampler as the sampler was withdrawn. Therefore, the bottom part of the sampling tube was not disturbed by the vacuum eŠect.
(2) EŠect of Edge Angle Figure 3 shows in‰uence of the edge angle on the sample quality. In the upperˆgure, 69 M1.5 and 909 M1.5 have the same geometrical dimensions, except the edge angles. The samples obtained from samplers with smaller edge angle (69 M1.5) show larger values of pr ?/s? vo and GBE/Gf than those with large edge angle (909 M1.5). As shown in the lowerˆgure, the thick wall samplers, i.e., 69 M5 and 909 M5, also show the same trend as the thin wall samplers.
Another consolidation cell was prepared with the same consolidation pressure to study eŠects of the edge angle in more detail, using a 309sampler (309 M1.5) with the same dimensions as 69 M1.5 and 909 M1.5. It is clear from Fig.  4 that the best samples can be obtained from the sampler with the sharpest edge angle (69 M1.5), while the largest edge angle (909 M1.5) provides the lowest sample quality. Sample quality from 309 M1.5 is located in between. These results conˆrm that a sharp edge angle is very important in reducing disturbance for both thin and thick wall samplers. (3) EŠect of Area Ratio Figure 5 shows the eŠects of the area ratio (thickness of the wall) at a same edge angle. The area ratios for 69 M1.5 and 69 M5 are 15.6z and 72.3z, respectively, a diŠer- ence of more than four. In the lowerˆgure, comparison was also made for 909edge angle samplers, 909 M1.5 and 909 M5. As illustrated in Fig. 5 , a larger area ratio leads to a lower sample quality for both edge angles tested, however, this diŠerence is not as signiˆcant as the eŠect of the edge angle.
To examine the combined eŠects of both edge angle and area ratio from the model ground, test results in Figs. 3 and 5 are replotted in Fig. 6 . Thisˆgure shows that 69 M1.5 samples have the best quality, which conˆrms the importance of small edge angle and small area ratio. Careful observation of the sameˆgure reveals that samples retrieved by both 69edge angle samplers have higher values of pr ?/s? vo and GBE/Gf than those of 909edge angle, regardless of the sampler thickness. These results show that the edge angle plays a more predominant role than wall thickness for mitigating sample disturbance. The sameˆndings of the importance of small edge angle and thinness of a sampler to reduce sample disturbance were also reported in other studies, for example, Clayton et al. Fig. 7 . It can be recognized that the number of measured points for 69 M1.5(O) is small and there is no data at location between 20 cm and 30 cm from the cutting edge. This is not because the tests were not carried out at those depths, but samples corresponding to these depths could not be collected due to the low recovery. The recovery ratio of the sampler without a piston was only 63.5z, whereas that of the sampler with aˆxed piston was 95.4z. Such a small recovery ratio for 69 M1.5(O) may be attributed to compression of the model ground during penetration of the sample tube.
To study which part of the ground was compressed with the 69 M1.5(O) sampler, a detailed distribution of water content (wn) from 69 M1.5(O) samples was measured and compared with that of 69 M1.5 ( see Fig. 8 ). The recovery ratio for 69 M1.5 with a piston was nearly 100z so that its distribution of the water content presents the true distribution in the consolidation cell. Even though the duration for consolidation of the model ground was more than one month, w n in the central part was somewhat larger than that at the bottom or the upper part of the ground. It can be seen that wn of samples collected by the 69 M1.5(O) agrees fairly well with the wn in the 69 M1.5 up to 8 cm from the cutting edge. However, 69 M1.5(O) samples further from the edge bottom show a smaller wn then 69 M1.5 samples. This means that in case of 69 M1.5(O), in which the recovery ratio was low, the central part (between 10 and 20 cm) was deformed and moved horizontally due to the relatively high strength at the upper part, compared with that at the middle part. As a result, samples in the middle part were not stored in the sampling tube. Considering this compression eŠect for 69 M1.5(O) sampler, the location of the samples is adjusted and replotted in Fig. 7 by symbols of (). Clear diŠer-ence in sample quality can be seen for the two samplers. The compressed soil samples obtained by the open drive sampler provide low sample quality compared with the sampler containing aˆxed piston. 
Main Test Results from the Model Ground
In conclusion, the laboratory simulated sampling on reconstituted Kasaoka clay has shown that edge angle sharpness and wall thickness are important parameters in obtaining high quality samples. Results have also shown that the edge angle has a greater eŠect on the sample quality than the area ratio. The use of open drive sampling has been shown to compress the soil sample, thus causing sample disturbance.
FIELD INVESTIGATION OF TAKUHOKU
Model ground sampling avoids the natural scatter in soil properties, as well as the disturbances caused by drilling and handling at theˆeld. Additionally, laboratory experimentation is less costly thanˆeld testing. However, mechanical properties of reconstituted soils are signiˆcantly diŠerent from natural soil deposits due to the in‰uence of soil structures, which is believed to be one of the most important aspects in‰uencing sample quality. In addition, the eŠect of overburden pressure on sample disturbance cannot be considered in the model ground. It is questionable whether the test results obtained from the model ground can be directly applied to theˆeld sampling. Therefore,ˆeld sampling was carried out at Takuhoku site using the samplers that correlate to those used in the model ground testing.
Characteristics of Geotechnical Properties at Takuhoku Site
The Takuhoku site is located in Sapporo, Japan. The fundamental properties of this site are shown in Fig. 9 . The deposits consist of 5 m ofˆll and peat followed by a 4.5 m silty sand deposit, overlying the clay layer investigated in this study. A sandy silt layer separates the clay layer into the upper and the lower clay layers at a depth of 15 to 18.5 m. Sampling using samplers with various geometrical designs was carried out at two depths: the upper (10¿15 m) and lower (20¿24 m) clay layers as indicated in Fig. 9 . The ground water table is located at 3 m below the ground surface. Grain size distribution shows that both clay layers consist of a constant clay fraction (particle smaller than 5 mm) of approximately 50z down to the 32 m depth. The natural water content varies between 60 and 70z and the plasticity index (Ip) is about 45¿53 and 50¿63 for the upper and lower clay layers, respectively. Sample quality is considered to be sensitive to the in‰uence of soil structure. The soil structure expressed by the in situ void index (Burland, 1990 ) is plotted in the sameˆgure. It is seen that the soil structures of upper and lower clay layers are relatively similar. The physical properties of the soft clay in question were found to be quite homogeneous.
The yield consolidation pressure ( py ?), which was measured by CRS oedometer testing at strain rate of 0.02z/min (3.3×10 -6 /s), is somewhat lower than the eŠective overburden pressure (s? vo ) calculated, assuming that the pore water pressure distribution was hydrostatic, as shown in Fig. 9 . However, theˆll material at ground surface was placed in the 1960's, thus it is believed that theˆll is still undergoing consolidation. Figure 10 shows more detailed comparison of various values measured or estimated from diŠerent tests. The dashed line in Fig. 10 shows the s? vo at U＝0z, where the overburden pressure of theˆll is not considered, the dotted line on the other hand, shows s? vo at U＝100z, where consolidation of thê ll is assumed to be complete. It can be seen that py ? value is located between the U＝0z (no consolidation) and U ＝100z (fully consolidated) lines. Estimated s? vo values from CPT and triaxial tests are plotted on the same Fig. 10 . Proˆles of vertical eŠective stress of Takuhoku gure. It was obtained from the Ko triaxial test, where consolidation pressure was at the normally consolidated state, that the undrained stress incremental ratio (su(triaxial) /sv ?) was 0.27, which was the average strength from the compression and extension triaxial tests. As will be mentioned later, the in situ undrained shear strength can be obtained from CPT, assuming N kt ＝11.5; this strength is denoted as su(CPT). Combining these experimental results, the in situ eŠective burden pressure (s? vo ) has the following relation;
It can be seen that s? vo calculated by Eq. (5) is well in agreement with py ? value from the CRS test. The s? vo values shown in Fig. 10 were used to normalize the residual eŠective stress of samples in this study for sample quality comparison. Theˆeld vane test (FVT), using a vane blade of 40 mm in diameter and 80 mm in height, and the piezocone test (CPT) were carried out to measure mechanical properties of the clay layer. From the CPT test, the undrained shear strength was calculated using the relation su(CPT)＝(qtsvo)/Nkt, where qt is the point resistance of the piezocone and svo is the total overburden pressure. By equating the undrained shear strengths of CPT and FVT, the cone factor Nkt was able to be calculated. In this site Nkt is reasonably estimated to be 11.5. The undrained shear strengths from the unconˆned compression test (UCT) are also plotted in thisˆgure, where the soil samples were retrieved by the Japanese standardˆxed piston sampler (69 F1.5 in Table 2 ). The mean undrained shear strengths for the upper and lower sampling depths are approximately 20 kPa and 40 kPa, respectively.
The shear wave velocity (Vf), and thus, small strain shear modulus (Gf) was measured by the seismic cone (SCPT) in thisˆeld. SCPT used in this investigation consisted of a shear wave generated by hammering a wood plank on the ground surface and received by two sets of receivers, one meter from each other. Vf was determined by deˆning the arrival lag time of the shear wave propagation between these two receivers. The details of the SCPT test are described by Tanaka et al. (1994) . Maximum shear modulus (Gf) of the SCPT can be calculated from the shear wave velocity using the relation;
where rt is the bulk density of soil. The results of the Vf and Gf in the subjected clay layer are shown in Fig. 9 . Theˆgure shows that both Vf and Gf linearly increase with an increase in depth. The estimation by Tanaka et al. (1994) of G f ＝50 (q t -s vo ), where q t is the tip resistance considering the eŠective area ratio of the cone, is also plotted in theˆgure. The values of measured GBE from BE test are normalized by these data from the seismic cone to take into account diŠerent overburden eŠective stresses.
Sampling Tubes Used and Sampling Method in the Field
Based on the Japanese standardˆxed piston (JPN) sampler speciˆed by the Japanese Geotechnical Society (Designation: JGS 1221-2003), and considering experimental results from the model ground, geometries of the sample tube for theˆeld sampling were determined as indicated in Table 2 . The JPN sampler is used in Japan for sampling soft clay with low SPT N values, generally less than 4. The dimensions of the sampling tube include an inside diameter of 75 mm, a length of 1 m, and the eŠective sampling length of 0.8 m. The edge angle of the standard JPN sampler is 69 . Although material of the tube is allowed to be both brass and stainless steel, nowadays it is mostly made of stainless steel. The thickness of the tube wall is 1.5 mm for stainless steel, corresponding to an area ratio of 8.2z. More details of this sampler can be referred to JGS (1998) and Tanaka et al. (1996) . In this study, three additional geometrically diŠerent sampling tubes were manufactured in addition to the JPN standard sampler. The main geometrical features of those samplers are shown in Table 2 . Theˆrst sampler in the table, 69 F1.5, is the standard sampler currently used in Japan. The second tube sampler, 69 F10, has edge angle of 69and wall thickness of 10 mm, resulting in an area ratio of 60.4z. The last sampler, 69 F1.5(O), is the 69 F1.5 without a piston (open drive sampler).
Sampling methods are diŠerent in various countries. In Scandinavian countries, the so called displacement method is widely adopted, in which a borehole is not necessary. A sampler, such as NGI 54 mm is directly pushed from the ground surface to the desired sampling depth, and then the tube is driven to obtain the soil sample. In the UK, in order to avoid the eŠects of soil disturbance at the bottom of the borehole, a sampler such as an ELE100 sampler is penetrated to a certain depth prior to sampling. Therefore, the ELE100 and NGI 54 mm samplers have a conical shape at the bottom of the piston. In Japan, however, a borehole is made to a sampling depth before conducting sampling (pre-borehole method). Sampling in this investigation followed the Japanese standard sampling method discussed above. A 105 mm diameter borehole was advanced using a rotating drilling machine with circulating mud water. When the drilling reached the sampling depth, the bottom of the borehole was carefully cleaned so as not to leave soil cuttings. Then the drilling bit was lifted to the ground surface and the sampler was descended to the bottom. In Japan, two methods are allowed forˆxing a piston: extension rods and hydraulic (Osterberg) sampler (JGS 1221 (JGS -1995 . This investigation employed the extension rod method, where the piston wasˆxed through extension rods to a tripod by a turn buckle. In case of an open sampler, a vacuum was created by a ball valve to prevent the soil sample from falling when the sampler was withdrawn since there was no piston. Sampling was done continuously within the clay layers. Notice that since the eŠective depth of the penetration of the sampling tube is 800 mm, the interval of each sampling was left to 200 mm to avoid sample disturbance caused by the previous sampling. The depth of the sampler penetration was recorded precisely in order to calculate the recovery ratio. After stopping penetration of the sampler, the sampler was withdrawn to the ground surface. The air vent at the piston was released in order to avoid generation of suction between the sample and the piston when the piston was disassembled from the tube. The recovery ratio was immediately obtained by measuring the length of the retrieved sample and penetration depth of the sampler recorded at sampling. The type of samplers and their recovery ratios at each sampling depth is shown in Table  3 . Both ends of the sampler were covered with para‹n wax of about 20 mm thickness at the site. Samples kept in the sampling tube were placed on several layers of rubber mat in order to avoid sample disturbance and were transported to laboratory at Hokkaido University.
Takuhoku samples were extruded from the samplers and cut into 100 mm long pieces by a wire saw in the laboratory. Direction of extrusion was opposite to that of sampling, i.e., from the edge bottom. They were wrapped by thin plasticˆlm and coated by para‹n wax. The extruded samples were then stored in the humid and temperature controlled room until tested.
Proˆles of pr ?/s? vo and GBE/Gf of the Best Samples
In order to characterize soil properties at the investigated site from a view point of sample quality, pr ? and GBE were measured on samples retrieved by the JPN standard sampler (designated as 69 F1.5 in Table 2 ) and the location of these samples is in the middle of the sampling tube: i.e., the best quality is guaranteed, as described later. The variation of pr ?/s? vo and GBE/Gf ratio to the depth is presented in Fig. 11 .
It can be seen in thisˆgure that the normalized values of pr ?/s? vo slightly increase with depth, and its values are about 1/5 at the upper investigated depth and 1/3 at the lower depth. Ladd and Lambe (1963) measured pr ? by the unconsolidated undrained (UU) triaxial test and found that for the Kawasaki clay (a Japanese marine clay), the pr ?/sp ? ratio ranged from 0.11 to 0.43 with an average value of 0.28, where sp ? is the residual eŠective stress in the perfect sample, and they reported that the sp ? was in the range of 0.56±0.05 of s? vo. Thus, the pr ?/s? vo ratio was round 0.14, which is quite low compared with this study. Tanaka et al. (1996) studied residual eŠective stress due to sample disturbance and has shown that pr ?/s? vo was in the order of 1/5 to 1/6 for high quality samples. From the depth of 10 to 15 m (upper clay layer), the pr ?/s? vo in this study is approximately 1/5 the value reported by Tanaka et al. (1996) , but below 15 m the ratio linearly increases and is larger than 1/5.
In addition to the pr ?/s? vo ratio, GBE/Gf is also plotted in the same Fig. 11 . Contrary to pr ?/s? vo, the normalized ratio along the depth is relatively constant ranging from around 0.45 to 0.73 with an average of 0.57. It is interesting to compare the present results with those conducted by Landon et al. (2007) . They measured BE shear wave velocity (VBE) in the same manner as in this study for samples from Boston Blue Clay, retrieved by the Sherbrooke, theˆxed piston, the free piston, and the SPT split spoon samplers. The V BE was normalized with V f from theˆeld seismic piezocone for comparing sample quality among those samplers. But in this study since GBE/Gf are used to compare sample quality, the normalized VBE/Vf of Landon are converted to GBE/Gf. They found that the G BE /G f ratios were in the range of 0.49¿0.64, 0.42¿0.49, 0.09¿0.25, and 0.09¿0.16 for samples retrieved by the Sherbrooke, theˆxed piston, the free piston and the SPT split spoon samplers, respectively. It is revealed that the normalized ratios (GBE/Gf) obtained from this study are as high as those of Sherbrooke samples conducted by Landon et al. (2007) .
Test Results from the Field Sampling Using Various Samplers (1) Location
Figures 12 through 19 show a comparison of pr ?/s? vo and GBE/Gf ratios measured by various samplers with diŠerent geometries. Theˆrst signiˆcant diŠerence between theˆeld and the model samplings is the in‰uence of sample quality locations in the sampling tube. Contrary to the model sampling (Figs. 3 through 7) , the values of pr ?/s? vo and GBE/Gf for allˆeld samplers in this study show that the best quality sample lies in the middle part of a sampler and that the lowest quality is at both its lower and upper parts. For the actualˆeld sampling, the disturbance at the lower edge tip may be caused by the suction created by withdrawal of the sampler. The upper part of sample in a sampling tube may suŠer from the borehole drilling or extensive straining by removal of the overburden pressure. In addition, it is inferred that, because of long travel distance, the upper part of sample is damaged by frictional force between the inside wall and the sample during both sampling and extrusion. (2) EŠect of Edge Angle Figures 12 and 13 show the eŠects of the edge angles of the sampler. Figure 12 shows test results from the upper clay layer using two pairs of samplers with diŠerent edge angles: 69 F1.5 and 909 F1.5; 69 F10 and 909 F10. The same pairs of sampler were also used for the lower clay layer as shown in Fig. 13 . Theˆrst pair of the samplers, 69 F1.5 and 909 F1.5, have the same dimensions, with the exception of the edge angles (69and 909 , respectively). From theˆgures it can be seen that the normalized values of pr ?/s? vo and GBE/Gf for samples retrieved by 69edge angle samplers are higher than those of 909for both clay layers. It is interesting to note from the Figs. 12 and 13 that the diŠerence in pr ?/s? vo and GBE/Gf for the thin wall samplers, 69 F1.5 and 909 F1.5, is much smaller than those of the thick wall samplers, 69 F10 and 909 F10. It implies that the in‰uence of the edge angle is more pronounced on sample disturbance when the sampler has a thicker wall. gives the lowest sample quality. Increasing the area ratio from 8.2z to 60.4z or increasing the wall thickness from 1.5 to 10 mm causes no signiˆcant sample disturbance for the small edge angle but profound disturbance for the large 909edge angle. The mean values of pr ?/s? vo and GBE/Gf for 909 F1.5 are 71z and 55z, respectively, larger than 909 F10 in the upper clay layer and are 58z and 50z, respectively, in the lower clay layer. From both model and actualˆeld samplings, the sharp edge angle of a sampling tube is the most important key factor to obtain good quality. In theˆeld sampling, very large diŠerences in sample quality are seen between 69 F10 and 909 F10, compared with those of thin wall samplers, 69 F1.5 and 909 F1.5 (Figs. 12 and 13 ). Those diŠerences cannot be seen in the model sampling. In the model sampling, large edge angles for both thin and thick wall samplers lead to some degree of disturbance (Fig. 3) .
The wall thickness, and thus area ratio, has long been considered to have signiˆcant in‰uence on tube sampling disturbance since Hvorslev (1949) pointed out its importance. He realized that the penetration resistance of a sampler, the possibility of entrance of excess soil, and danger of disturbance of the sample all increase with increasing area ratio. He also suggested that``the area ratio of sampler should be reduced to not exceed 10 to 15z for open drive samplers, but it is possible that the allowable limit is higher for samplers with a stationary piston, even though small area ratio generally causes slighter disturbance.'' The Sub-Committee on Soil Sampling of International Society for Soil Mechanics and Foundation Engineering (1981) reported that an area ratio of less than 13z is generally recommendable, and up to 15z is acceptable, depending on soil conditions. The largest permissible area ratios of 11, 10, and 13z are required in Japan, United Kingdom, and United States, respectively, for their sampling standards. Matsumoto et al. (1968 and 1969) reported test results from the comparative study at the Kinkai site, using three samplers with area ratios of 2.7, 5.4, and 13.7z. Dimensions and other features of the three samplers were identical to the JPN standard sampler. It was found that the undrained shear strengths (qu/2) and strain at failure (ef) did not change due to the wall thicknesses of the sampling tube. In this study, in addition to the Japanese standard sampler (69 F1.5), two 10 mm thick wall samplers were used: 69 F10 and 909 F10. The area ratios of the thick wall samplers are as much as 60.4z. Even though the area ratio increases more than sevenfold from 8.2z to 60.4z and far larger than the studies of Matsumoto et al., the sample quality is not signiˆcantly aŠected. On the other hand, if the cutting edge is not sharp, then the area ratio must be as small as possible. That is, the area ratio is dependent on the edge angle selected. The Sub-Committee on Soil Sampling of International Society for Soil Mechanics and Foundation Engineering (1965) also recognized that a large area ratio can be compensated partly by a small edge angle, as indicated in Table 6 . (4
) EŠect of Piston
In this study, the eŠect of piston on sample quality was investigated, using the sampler (69 F1.5(O)), which has the same geometrical features as the standard Japanese sampler. It is believed that the largest advantage of the piston sampler is considered to have high recovery ratio, because the piston can create a vacuum high enough to prevent the captured sample from falling when the sampler is withdrawn from the bottom of the borehole. The recovery ratio for each sampler, including 69 F1.5(O), is shown in Table 3 . No remarkable diŠerence can be seen in the recovery ratio for 69 F1.5 and 69 F1.5(O) in the upper clay layer. On the other hand, in the lower clay layer, the recovery ratio of 69 F1.5(O) was as low as 79z. The high ratio in the upper clay layer may derive from disadvantages of the open drive sampler as pointed out by Hvorslev (1949) and Osterberg and Murthy (1979): i.e., due to poor cleaning of the borehole prior to sampling, or soil shavings on the borehole wall, the sampling tube may collect soil along the wall of the borehole in the process of lowering the sampler or soil cuttings deposited at the bottom of the borehole. It is inferred that even within the upper layer, the recovery ratio of 69 F1.5(O) would be lower than the observed value shown in Table 3 , if the targeted sample was properly captured. This debris can be seen by the low pr ?/s? vo and GBE/Gf values as shown in Fig. 18 Tables 4 and 5 , respectively. Tanaka et al. (1996) also investigated the eŠects of piston on sample quality at the Kinkai site. They showed that no diŠerence can be seen between the samples with and without piston from the unconˆned compression and the laboratory vane shear tests.
On the other hand, as already mentioned, a piston was open drive sampler does not posses a piston, the bottom of the borehole is required to be much cleaner than that in the case of the piston sampler, as previously discussed. It was observed that the driller required more preparation time of the borehole cleaning so the bottom of the borehole might be deeper than the predetermined sampling depth. As a result, the sample length was shorter and the recovery ratio became small. In other words, low recovery ratio for 69 F1.5(O) was not caused by dropping the sample during the withdrawal of the sampler.
CORRELATION BETWEEN pr ? AND GBE
It is anticipated from the test results of this study that GBE increases with increase of pr ?. Figure 20 shows the pr ? and GBE data measured for the sample retrieved at the Takuhoku site. It can be seen that GBE is strongly related to p r ?, although some scatter exists in this relation. According to Eq. (1), GBE is determined not only by pr ?, but also by soil structure expressed by the coe‹cient of A, void ratio (e) and the maximum past conˆning stress (s? max ). The eŠect of e does not need to be considered, as it is not changed by sampling and is nearly constant for the investigated layers in this study ( see the distribution of wn in Fig. 9 ). In order to examine the eŠects caused by a damage of soil structure, i.e., the eŠect of A, the relation measured for samples retrieved by 69 F1.5 and 909 F10 is plotted using diŠerent symbols to distinguish them from other samplers. It should be kept in mind that 69 F1.5 and 909 F10 samplers provided the best and the worst sample quality, respectively. If the scatter in the relation between pr ? and GBE is created by destruction of soil structure, then the relation obtained from 69 F1.5 should be located in the upper part and that from 909 F10 should be located in the lower part of the band of the pr ? and GBE relation in Fig. 20 . It can be apparently recognized that points obtained from 69 F1.5 are upper 909 F10, though the diŠer-ence is small.
The eŠects of the maximum stress experienced in the past on GBE must also be considered; in other words, the GBE for heavily disturbed sample collected at great depths 
where wL is the liquid limit, p? and p? max are the mean principal stress of the current and maximum stresses experienced in the past, respectively. Unlike previous formulations, they do not consider eŠects of e nor soil structure, but G max can be simply expressed by three terms, w L , p? and p? max. It should be noted that the eŠect of ( p? max ) is rather insigniˆcant compared with p? (compare the powers of p? and p? max ). According to their formulation, eŠects of magnitude of the in situ stresses before sampling are considered in Fig. 21 . The eŠect of w L is not considered because, as with e, it is nearly constant in the sampled layer and it is not changed by sampling disturbance. p? is the measured pr ? and p? max is the mean in situ eŠective stresses, (s? vo ＋2s? ho )/3, where s? ho is assumed to be 0.5s? ho , i.e., K o ＝0.5. Compared with Fig. 20 , slightly better linearity in Fig. 21 is obtained, though the scatter in the relation between them cannot be eliminated. This tendency is also applicable to test results from the model ground, although these test results are not presented in this paper. It can be concluded that GBE is mainly governed by pr ? and the eŠects of structure destruction and the in situ eŠective stresses before sampling are not important. However, this conclusion is obtained for reconstituted soil andˆeld samples, where Ip is moderate and the sensitivity is not high. Further study is required to conˆrm whether this conclusion is valid for low plasticity and sensitive clays, such as quick clay distributed in Scandinavia and North America.
CONCLUSIONS
This paper investigated the main geometrical features of samplers aŠecting sample quality. Samples were obtained from both laboratory simulated sampling for model ground and sampling in theˆeld. Sample quality was evaluated using two nondestructive methods: residual eŠective stress and maximum shear modulus. The results of this study show that sample quality is dependent on the geometry designs of the sampling tube, these are, edge angle and area ratio. Comparative results of sample quality among diŠerent samplers were obtained from samples of the same location inside the samplers. Important points in this paper are summarized as follows:
1) Small edge angle is very important for a sampling tube to minimize sample disturbance. 2) The wall thickness, and thus, area ratio cannot be the sole and independent geometrical factor aŠect-ing sample quality. A strong dependency on the edge angle is observed. If edge angle is kept small enough, larger area ratio can be tolerated. In contrast, if edge angle is increased, the area ratio must be speciˆed and kept as small as possible for a well designed and successful sampler. 
